Abstract-Chromosome 2 has been consistently identified as a genomic region with genetic linkage evidence suggesting that one or more loci contributes to blood pressure and hypertension status. As with all complex disease traits, following-up linkage evidence to identify the underlying susceptibility gene(s) is an arduous yet biologically and clinically important task. Using combined positional candidate gene methods, the Family Blood Pressure Program (FBPP) has concentrated efforts in narrowing a large region of chromosome 2, demonstrating evidence for linkage in several populations, and identifying underlying candidate hypertension susceptibility gene(s). Initial informatics efforts identified the boundaries of the region and the known genes within it. A total of 82 polymorphic sites in 8 genes were genotyped in a large hypothesis-generating sample consisting of 1640 African Americans, 1339 whites, and 1616 Mexican Americans. After resampling-based false discovery adjustment, SLC4A5, a sodium bicarbonate transporter, was identified as a primary candidate gene for hypertension. Polymorphisms in SLC4A5 were subsequently genotyped and analyzed for validation in two other subcomponents of the FBPP, each contributing African Americans (Nϭ461; Nϭ778) and whites (Nϭ550; Nϭ967). Again, single nucleotide polymorphisms within this gene were significantly associated with blood pressure levels and hypertension status. Although not identifying a single causal gene variant that is significantly associated with blood pressure levels and hypertension status across all samples, the results further implicate SLC4A5 as a candidate hypertension susceptibility gene. Moreover, the present study validates previous evidence for one or more genes on chromosome 2 that influence hypertension-related phenotypes in the population-at-large. 
C omplex traits, such as blood pressure level and hypertension status, have many contributing susceptibility genes, each with a relatively small effect. 1 Over the last decade, multiple genome-wide linkage analyses have been conducted to localize genes influencing hypertension status and blood pressure levels in a number of population samples and ethnic groups. No single study has yielded definitive evidence, but consistency of results across some of these studies suggests that linkage can guide efforts to localize hypertension susceptibility genes. Multiple linkage analyses have provided statistical evidence that one or more genes on chromosome 2 between 40 and 140 cM from the tip of the p-arm influence blood pressure and hypertension status. [2] [3] [4] [5] [6] [7] [8] Broad linkage peaks shifted across the chromosome and the fact that every study sample does not reveal a noticeable peak in the same region are consistent with the expectation that multiple genes, each with a small effect, influence blood pressure and contribute to hypertension. The present study reports the results of a study to follow-up evidence of significant linkage on chromosome 2 to identify genes that may influence hypertension status and/or blood pressure level. It is not the goal of this study to "prove" that single genes are involved or to identify causative functional mutations. Such inferences require a convergence of evidence from multiple experimental, clinical, and association studies, for which the data presented here provides a starting point.
When following up a significant linkage result, samples in which the linkage was initially observed will, for practical reasons, comprise the follow-up samples. First, because of the phenotypic and genotypic heterogeneity inherent in complex traits, another sample may not include segregation of the "disease" allele with enough information for it to be detectable. Second, after detecting a promising association with a gene, one would like to know whether polymorphisms in the gene account for the observed linkage result. Finally, the cost of collecting new population samples usually precludes largescale de novo studies. The multicomponent, multicenter structure of the Family Blood Pressure Program (FBPP) allows for large-scale linkage and association analyses and confirmation of significant results with validation of results in independent samples. The search for hypertension genes reported here focuses on the following analytic steps: (1) define follow-up region based on consistent linkage; (2) select positional candidate genes from databases based on known/inferred information; (3) test polymorphisms within candidate genes; (4) adjust for multiple comparisons; (5) verify significance with permutation test and conditional linkage; and (6) validate results in secondary samples.
Methods

Study Participants
All individuals in this study are participants in one of the networks of the FBPP and provided informed consent. Descriptions of original ascertainment, exclusion, and phenotype collection have been previously described. 9 -12 The FBPP is described at http://www. hypertension.genetics.org and by The FBPP Investigators. 9 Large-scale genotyping and initial genetic analyses involved participants in the Genetic Epidemiology Network of Atherosclerosis (GENOA) study of the FBPP. GENOA subjects include 1640 African American subjects (1182 hypertensive, 448 nonhypertensive, 10 undetermined) in 559 sibships from Jackson, Miss; 1339 white individuals (996 hypertensive, 322 nonhypertensive, 21 undetermined) in 487 sibships from Rochester, Minn; and 1616 Mexican Americans (694 hypertensive, 809 nonhypertensive, 113 undetermined) in 412 sibships from Starr County, Tex. The Jackson and Rochester sibships were ascertained on the basis of having two or more siblings defined as hypertensive through either blood pressure measurement (Ͼ140/90 mm Hg) or previous diagnosis and prescription for antihypertensive medication. Normotensive siblings were collected when available. Starr County had a slightly different ascertainment scheme because of the high prevalence of type II diabetes and its association with hypertension. 9 In Starr County, the sibships were ascertained on the basis of having two or more siblings with type II diabetes, with siblings without diabetes collected when available. Hypertension status was also defined by the same combination of measured blood pressure (Ͼ140/90 mm Hg) or previous diagnosis of hypertension and use of antihypertensive medications. The GENOA samples are the primary samples used in analyses reported here; they will hereafter be referred to as the primary African American sibship sample, primary white sibship sample, and primary Mexican American sibship sample.
Subsequent follow-up genotyping and analyses involved participants in both the GenNet and Hypertension Genetic Epidemiology Network (HyperGEN) studies of the FBPP. The GenNet familybased sample includes 778 African American subjects in 528 nuclear families from Maywood, Ill, and 967 white subjects in 301 nuclear families from Tecumseh, Mich. The GenNet sibships were ascertained on the basis of the proband having an elevated blood pressure (Ͼ80th percentile for age/sex for African Americans and Ͼ75th percentile for age/sex for whites) and one or more siblings available for study regardless of blood pressure level or hypertension status. Parents of the siblings were also collected when available. As part of the secondary validation samples, the GenNet samples will hereafter be referred to as the secondary African American sibship sample and the secondary white sibship sample. For the HyperGEN sample, unrelated cases were selected from sibships with severe hypertension defined as one or more siblings with a blood pressure Ͼ160/ 100 mm Hg or two or more classes of antihypertensive medications. If more than one sibling met this definition of "severe," then the individual with the earliest age at onset of hypertension was selected as the index case for the sibship. The unrelated controls were a random sample of normotensive individuals collected from the same field centers concurrently with the hypertensive sibships. Ethnic groups were analyzed separately, with 230 hypertension cases and 231 controls for African Americans, and 304 hypertension cases and 246 controls for whites from HyperGENЈs 5 field centers (Birmingham, AL; Forsyth County, NC; Framingham, Mass; Minneapolis, Minn; and Salt Lake City, UT) represented. The HyperGEN samples are also part of the secondary validation samples; they will hereafter be referred to as the secondary African American case-control sample and the secondary white case-control sample.
Genotyping
Genotyping of 30 microsatellite markers across chromosome 2 (average of 8.9 cM between markers) in the primary sibship samples was performed using standard methods by the Mammalian Genotyping Center of the Marshfield Medical Research Foundation (CHLC/ Weber screening set 9.0). Single nucleotide polymorphisms (SNPs) were selected in positional candidate genes in the region using the public NCBI database (http://www.ncbi.nlm.nih.gov) and the private Celera database (http://www.celeradiscoverysystem.com). SNP genotyping on a total of 82 loci in 8 candidate genes was obtained using a combination of two genotyping platforms: mass spectrometer-based detection implemented on a Sequenom MassAR-RAY system, and the fluorogenic TaqMan assay implemented on a ABI Prism 7900 Sequence Detection System. Primer and probe sequences are available online in Figure I at http://www.hypertensionaha.org.
Statistical Analyses
Multipoint linkage analyses for the primary sibship samples were conducted using Allegro, version 1.1, using allele sharing methods under the linear model. 13 Haplotype estimation in the samples of siblings was performed by the same program.
The linkage disequilibrium structure across the region was investigated using GOLD (http://www.sph.umich.edu/csg/abecasis/ GOLD), which provides a graphical summary of linkage disequilibrium measures between pairs of loci. 14 Using an unrelated sample of one sibling selected at random from each family, the expectation maximization (EM) algorithm was utilized to infer haplotype frequencies.
The family-based association test (FBAT) allows testing for association of genetic loci with both qualitative and quantitative traits in samples of sibships and can be used even if no parental genotype data are available. 15 Because there were few unaffected siblings available in the primarily affected sibpair samples, the quantitative traits pulse pressure and pulse rate are also investigated as additional measures of cardiovascular function and aid in increasing the power of the association analyses. SBP and DBP were not studied as antihypertensive treatment, a criterion used to identify many of the probands, alters the values. Pulse pressure is estimated by the difference between SBP and DBP and is less affected by treatment. 16 To adjust for multiple comparisons in the case of dependence between the tests (due to partial linkage disequilibrium between loci tested), a resampling-based false discovery rate (FDR) procedure was utilized, with 5000 bootstraps. 17 FDR is an estimated ratio of the number of false-positives to the number of results that meet the significance threshold applied. The resampling-based FDR procedure was performed for each trait within each ethnic group in the primary sibship samples.
To evaluate whether individual polymorphisms explain the linkage result, a method of conditional linkage implemented in the STEPC version 1 software by Sun et al was utilized. 18 This method compares the expectation of one allele shared identical by descent-(IBD) between sibpairs to the conditional distribution of the number of alleles shared IBD by a sibpair at a particular SNP given the sibs' genotypes at that SNP; the test statistic is applied using a form analogous to the exponential log-likelihood ratio test for linkage, with significance determined by normal approximation to the conditional distribution of each test. The null hypothesis is that "the SNP is the sole causal site in the region of linkage." 18 2 and ANOVA analyses were conducted on unrelated individuals using SAS software, version 8.2 for Windows (SAS Institute Inc, Cary, NC).
Results
Eight genes were selected for detailed investigation in the 40-to 140-cM region of consistent linkage on chromosome 2, 2-8 including ADD2, ATP6B1, ALMS1, AMSH, SLC4A5, ADRA2B, SLC9A2, and SLC20A1. This selection was limited by functional and expression knowledge reported in databases and literature for each positional candidate gene in the region. These genes were selected as the leading positional candidate genes on the basis of their presumed function, expression in the kidney (the hypertensive effects of most monogenic forms are mediated by effects on renal sodium handling), and previous association with blood pressure regulation. 19 In the primary sibship samples, the linkage results for hypertension status in this region and the approximate location of each of these genes is shown in Figure 1 ). Therefore, SLC4A5 was the only tested candidate gene that maintained statistical significance after multiple comparisons adjustment. The most significant results after FDR adjustment were seen for association with pulse pressure in the African American sample and pulse rate in the white sample. ADD2, ALMS1, SLC9A2, and SLC20A1 demonstrated nominal significance in African Americans before adjustments but did not maintain an FDR-adjustment of Ͻ10%.
Five SNP from SLC4A5 selected on the basis of allele frequency and low pairwise-linkage disequilibrium were genotyped in the secondary sibship and case-control samples; these 5 SNP loci included hcv1137521, hcv1137534, hcv1137538, hcv1137542, and hcv8941031. The secondary African American sibship sample displayed a significant association of SLC4A5 at hcv8941031 with hypertension (Pϭ0.0270). The secondary case-control sample achieved statistical significance for pulse pressure for SLC4A5 at hcv1137534 in African Americans (PϽ0.0001). No statistical significance was observed in either of the secondary white samples for the SLC4A5 loci.
The STEPC program, which tests whether the polymorphism explains the linkage result, was performed on SNP within the SLC4A5 gene in the primary African American sibship sample, with the null hypothesis that the SNP is the sole cause of linkage in the region. Using this method, no single SNP was determined to be the sole cause of the hypertension linkage result. Hcv1137526 and hcv1137542, the two SNPs with the most evidence of explaining the linkage in the region, were combined to produce estimated haplotypes in the primary African American sibship sample, with rare alleles collapsed to create a biallelic system. These estimated haplotypes did account for the observed linkage with hypertension status in this region (Pϭ0.11; recall that the null hypothesis is that the marker is the sole causal site in the region).
Discussion
The region of interest on chromosome 2 (ie, between 40 and 140 cM) was selected on the basis of consistent and convincing linkage evidence for hypertension or blood pressure in the previous studies and the primary African American sample in the present study. Of the FBPP samples available for the present study, the primary African American sibship sample provides the greatest confirmatory evidence of linkage for hypertension in the region, with a peak of 2.84 LOD at 93 cM. Analyses to investigate the role of selected genes in the linked region were performed in the same sibship sample set as that used to perform the original linkage because these sibships are presumed to be segregating for the sought-after susceptibility gene. Association analyses were performed in all 3 populations, African Americans, whites, and Mexican Americans; such methods are generally more powerful than linkage analyses. The samples of African Americans and whites were ascertained through affected siblings, and in these samples, significant association was obtained for pulse pressure and pulse rate, even after adjusting for multiple comparisons. Specifically, significant association remained for the gene SLC4A5 after controlling for multiple comparisons using a FDR method. In independent separate validation samples of cases/controls and siblings, significant association of SLC4A5 continued to be observed in African Americans. The stronger linkage and association evidence in samples of African Americans, as compared with other ethnic groups, may represent differences in allele frequencies, patterns of linkage disequilibrium, genotype-environment interaction, or chance.
The original ascertainment scheme resulted in sibships with multiple hypertensive individuals with nonhypertensive individuals collected when available. 9 Lack of nonhypertensive individuals in many sibships made these families uninformative for the association analyses necessary to follow-up a linkage signal. As a result, association analyses with quantitative traits of cardiovascular function were also utilized to achieve greater statistical power. Some of the quantitative traits are potentially confounded by medication use. Because SBP and DBP are most influenced by antihypertensive treatment, these phenotypes were omitted from the analyses presented here. Instead, pulse pressure, more robust to medication status, and pulse rate are included as additional measures of cardiovascular function. Figure 3 illustrates the significance levels observed for each candidate-gene based SNP for association tests with hypertension status, pulse pressure, and pulse rate (more detailed results online in Figure III) . Because of the large number of statistical tests performed, there are concerns regarding type I errors (ie, false-positives). Even after adjusting for the multiple comparisons across the many polymorphic loci investigated, polymorphisms within SLC4A5 remained significant in the primary African American sibship sample, as well as in the primary white sibship sample. Additionally, using a method of conditional linkage in the primary African American sibship sample, although no single SNP displays PϾ0.05, the hcv1137526/hcv1137542 haplotype recoded as a biallelic system implicated the SLC4A5 gene as explaining the linkage in the region.
The results presented here provide consistent evidence that SLC4A5 is a candidate hypertension-susceptibility gene worthy of further investigation. Over both the primary and secondary samples investigated, polymorphisms in SLC4A5 provided evidence that variation in this gene may influence hypertension status, particularly among African American samples. Although no single polymorphism has yet been identified that is significantly associated with hypertension across all samples, the present analyses clearly implicate SLC4A5 as playing a role in hypertension. The lack of global generalization regarding specific SNP across all samples may be because of differing linkage disequilibrium structures or chance sampling not capturing enough hypertensive individuals in which this gene is playing a role (amid the considerable heterogeneity of the trait). Although specific functional loci within SLC4A5 have yet to be demonstrated, the associations that are maintained in the secondary samples provide clues to identifying the functional loci through linkage disequilibrium. Further investigation cataloguing additional variation in the gene and the linkage disequilibrium patterns in different population samples should provide useful in determining the role polymorphisms in this gene might play at the cellular and system-wide levels.
SLC4A5 is a sodium bicarbonate cotransporter, designated solute carrier family 4, member 5. The SLC4A5 locus was formerly named NBC4, as it codes for the fourth sodium bicarbonate cotransporter characterized. 20 A total of 6 splicing variants of the gene have been described. 20 -25 Originally cloned from human heart tissue, previous studies have shown that the highest SLC4A5 expression is in the liver, testes, and spleen with moderate expression levels in the heart and kidney. 26 Further characterizations of the physiological functions of the SLC4A5 gene product are necessary to better understand the potential mechanisms by which it may influence blood pressure level and hypertension status. Intermediate phenotypes, such as measuring pH or sodium transport at the cellular level, may aid in understanding if particular polymorphisms are associated with a biologically meaningful phenotype related to blood pressure regulation.
Although not maintaining statistical significance after adjustment for multiple comparisons, ADD2, ALMS1, SLC9A2, and SLC20A1 display nominal significance in the primary African American sibship sample with some duplication of results in the primary white and Mexican-American sibship samples. It is plausible that multiple hypertension genes are located within the region examined. Thus, the present suggestive findings for genes should not be ignored, particularly given other evidence that could support a role for these genes in the regulation of blood pressure. ADD2, encoding the beta subcomponent of adducin, was previously reported to be associated with hypertension in women. 27 ALMS1 is a gene recently implicated in Alstrom syndrome, a rare Mendelian disorder with characteristics including obesity, diabetes, and cardiomyopathy. 28, 29 SLC9A2, an Na ϩ /H ϩ exchanger, is expressed in many tissues, including the kidney. 30 SLC20A1 is a sodium-dependent phosphate symporter with expression across tissues, including the kidney. 31 
Perspectives
The methodology and results reported here provide a case study of one approach for following-up the results of genetic linkage analyses to identify genes influencing blood pressure levels, hypertension status, and cardiovascular function. At the onset, we assumed that there are multiple genes influenc- ing susceptibility to hypertension, each with a relatively small effect, and that these genes are segregating in the population samples used to identify the linked region. Through collaborative efforts within the Family Blood Pressure Program, internal validation of results has implicated SLC4A5 as a potentially important hypertension susceptibility gene on chromosome 2. Future studies should attempt to replicate these findings in other populations and should seek to identify specific polymorphisms within this gene that are directly associated with blood pressure levels and hypertension status to investigate the impact of such polymorphisms. Understanding how genetic variants influence blood pressure regulation and contribute to hypertension will require analyses at all the hierarchical levels of cardiovascular function from the genome to the organ-level function. Such an understanding will require contributions from the fields of biochemistry, physiology, and anatomy, as well as genetics. Studies of experimental animal models, in which genes can be directly manipulated and phenotypic results quantified, will play an important role in establishing the functional consequences of a gene's variation. Better understanding of the biologic mechanisms underlying hypertension can help guide better risk assessment and targeting of treatment and preventive efforts. 
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